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SUMMARY

The Surface Target Subgroup of the Joint Technical Coordinating
Group! Munitions Effectiveness (JTCG/ME) is sponsoring an effort for
compilation of target test data and vulnerability methodologies. As
part of that effort, this report has been prepared to provide a ready
reference to analytical and empirical relationships which are used in
target % ulnerability and weapon system -effectiveness computer simulation
routines. The principal intent of this compilation is to provide the target
vulnerability analyst with an overview of the various methodologies used
in weapons effectiveness analysis routine's which relate-target physical
and vulnerability descriptions to damage criteria, kill probability esti-
mates, and parametric weapon system lethality analyses. This document
should promote a better understanding of how target vulnerability data is
currently used, and how future target vulnerability definitions may be
structured to take advantage of improvements in available data and com-
puter technology. -The format and level of detail in this report presupposes
the availability to the reader of the Basic Joint Munitions Effectiv2ness
Manual for Air to Surface, Weapon Effectiveness Selection and Require-
ments (Reference 1) and some familiarity, with its contents.
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PREFACE

This repozt partially docun-.entt work acornplished during tie

period 5 Dec-ember 1972 through 3 jarnry i974 Ly Booz, Mien &

H.%miltcn, Inc.., P.O. Box 874, Shalimalr, Florida, under Contract Y~o.

F09635772-C-N82 with the Air Force Artinment Laboratory, Eglin Air

Force Base, Flrida. The progranm mnonitors for the rrnmameent Labora-

tory were Mr. G. Rickey Griner and Mr. J. Michael Heard (DLRV).,

The report documents that effort &f the above contract directed

toward compilation of surface target vulnora Alilty and inundtion effective-

ness methodologies avadlable to Whe vulner.biii' community. It contains

a reference list of 61 documents which are tkypified in this report by the

anal)tical and empirical relationshups pr-sented therein.

This technical report hos been reviewed and is ;.pproved for

publication.

CHARLES K. ARPKE, VColonel, USAF

Chief, Weapons Effects bivision
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SECTION I

INTRODUCTION

This report presents a survey of surface target weapon system
effectiveness computer programs performed for the Target Vulnerabil-ty
Panel of the Joint Technical Coordinating Group on Munitions Effective-
ness (JTCG1 ME). The purpose of the survey was to identify necessary
input data to the effectiveness programs relating to the target systems,
so that present and future target vulnerability assessments meet those
iniput requirements. The -survey showed the existence of numerous
simulation models, with new models being developed. Most weapon
system effectiveness models are ad hoc efforts written and used to
counter a critical emergency or to exploit a crucial opportunity, and
then filed away to 'be recalled and modified as required. Most are never
documented at all; many are documented too poorly to be used by anyone
but the original developer; some, not many, are fully documented.

Identifying the latter category of well-documented, frequently-uused,
and widely-accepted computer programs for inclusion in the methodology
survey of this report was a desireable but elusive goal. Many worthy
programs may have been ignored, preemptorially discarded, or not
discovered. Many more may have been included in the survey which
should have been discarded since they offered nothing urique, but were
modified versions of similar programs or inferior, stripped-down
replicas of more sophisticated models.

Of those programs examined, there were basically two levels of
sophistication:

0 Models containing efficient closed-form or open-end curve
fitting mathematiLal expressions, and

"" Models containing inttrative integral solutions such as Monte
Carlo random sampling +echniques, Gaussian, Herim itian, or
LeGendre integration.

Examples of par.icular types of programs by name, and recommendations'
for sources of met',odology will be made, bit no attempt will be made to
catalog all the methoology sources for each 'ype of program since such

7
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was not the purpose of this survey. A brief description of the methodology
available for use by the weapon system analyst and some remarks about
the degree of appropriateness of such use has been the objective.

,For air-to-surface target vulnerability and weapon effectiveness
evaluation, the JTCG/MIE has established standards for computer pro-
grams and has published documentation for acceptable air-to-surface
computer methodology as a part of the Joint Munitions Effectiveness
NManuals, Air-to-Surface (Referenice 2). The methodolbgy includes
simplified open-end methods, documented in and developed for use with
the BZasic Manual (Reference 1), as well as more sophisticated method-
ology published in a separate methodology volume (Reference 3). In
addi-ion, a humber of well defined special purpose computer programs
are published as separate documents by JTCG/ME (for a listing of these
programs and a short description of their application, see Reference 4).
These methodologies are in the process of revision, updating, and im-
provement and are not intended to be the final work in air-to .surface
methodology. The methodologies have been widely used, however, and
have proved to be of reasonable accuracy for most of the demands and
applications of weapon systems analysts.

These JMEM-accepted methodologies are available for use (often
with many minor modifications) within the weapons effectiveness analysis
community. They will not fulfill every need of the weapons analyst, but
they do provide much of the basic framework for developing new computer
programs for use with unique products of research and development and
may be considered entirely adequate for establishing weapons lethality
and force requirements for most inventory munitions. In every case
where a-need for effectiveness analysis is established, these approved
methodologies should be considered for use in their pure or modified
forms and all new superior. methodology, which must be developed should
be su.bmitted to the, appropriate committees for review and possible
inclusion within the list of acceptable JMEM methodologies.

The following sections contain discussions of various methodologies
for computing target vulnerability and weapon effectiveness. The
measure of effectiveness or desired outcome of all such computations
is single shot probability of damage (SSPD) or, as it is sometimes called,
single shot kill probability (PASS)0 which in three-dimensional Cartesian
coordinates is given by:

P.$ =S J PKN(x. y,,z) F(x, y, z) dxdydz (1)

8



where PKT is the toto-I kill probability for all kill mechanisms from a
mu.iiticn'detonating at point (x,y, z), and F(x, y, z) is a distribution den-
sity function defining the likelihood of the munition detonating within the
infinitesimal int( rvals dx, dy, and dz about each point (x,y, z). The
total kill is a composite of kills from all applicable mechanisms of a
given warhead combiaed in the folioIwing manner:

P r 1 -0l-P• H(l l M -13 -P M(-P ). (2)
Kr KDH KB XF KI

where PKDH is the' kill probability from direct hit effects, PKB is the kill
probability from olast Effects, PKF is the kill probability from fragmen-
tation effects, and PKI is the kill probability from incendiary effects,
continuous rod, shaped charge jets, etc. The individual kill probabili-
ties are normally obtained using computerized simulation models which
are the subject of the succeeding sections.

The distribution density functions .Fx,y, z) in Equation, (1) are the
statistical formulae for measure of dispersion: mean, variance, and
standard deviation. Most of the programs use a random normal or
Gaussian distribution for determining individual weapon system ballistic
dispersion, and since the variance is normally fixed for the Z (altitude)
dimension and independent for the other two dimensions (X and Y), a
bivariate normal distribution is almost universally used for surface
target effectiveness evaluation programs. For cluster munitions and
stick releases the distribution may be random uniform witnin the pattern
intervals or uniformly spaced for intervalometer releases. Only one of
'the programs reviewed used a modified Rayleigh Distribution for ballis-
tic -dispersion, and no other type of dispersion was discovered.

9



S1EC'T!N 11

PflYSlCAL .DLSCRIPT!ON MODELS AND DIRECT HIT METI1OD(JLOGY1

Perhaps the Most readily apparent distinction between the highly
effic~ent siniplo urcu,_rarn~i :und, the more sophisticated and time -consumning
intecral rnoduls' izs the degree .)f o-cur,,cy with which a target element
or emolt)ex c:an be riathematicall-, smrnulated for evaluaticrn with the
seve-aa1 damage mechanisms. As a general rule f .ot the programs
exar.-Aned, the most sophi~ticatteu targe~t models were contained in the
inor. complicated programs. Older programsi were much less'concerned
xith realist ic, direct ait target models since the direct h~it kil.' mtechanism
has ronly recently (with the advent of elect ro- optical; laser, and infrared

*te'rminally guided weapons) become a major consideration. A realistic
phys~cal model iii an endgamie cffectiveness analysis program is only
cons~dered important to accurately predict dlamage from a direct hit or
very nuar miss of a tarpet element bv ani individual munition.

Dl RYCT HIT E FFFCTIVENESS INDICES/

Existing vulrerability data for the direct hit kill tnechanism. are
quite simple in form. Only three types of direct hit eftectiveness in-
dices (ET) are cur~rently defined: the vulnernble area (VA), probability
of damage given a hit (PHD), and bridge effectiveness index MBED. The
VA cf a target is that area whic h is vulnerable to the damage mechanisms
of a given weppon. In oomputing weapon requirements,. it is used as a
me- sure of the effectiveness for a weapon/target com~ination requiring
a direct hit. VA usual.y is not associated wi'h any pairticular segment
of the~ target but, is a nieasure of the vulnerability of tlhe target, as a whole.
However, the term "vulnerable area" can sometimes 6b applied to a
particular segmeat of a target when conditions are such that only a partic-
ular segment of the total target is vulnerable to that weapon. In that:
case, the probability of damage given a hit (PHD) is unity over the seg-
ment defined as the vu.-rierable area (an example is a 4am target whose
VA would be the~floodgate or spillway).

The number associated with VA is mathematically arrived at by
dividing the total area within which the weapon can affect the target into
small units, each with area Ai. Then, the probability of damage given
a hit on that area (PHDI) is found for each unit area, and the suml of the
products (PHjDi)(AI) is defined as the VA of the target.

10



[lie\ VA is applied to the calculst iou of tho prohability of daimi.u-q,
"given a randIm direct hit on the target (I011D). The P1'ID is equal to the

ratio of the VA to the total presented area of the target.

F'or - given munition the D ma" he a single value which, duc to

lack of data, is usually assumed by thc analy'yst to be either zero or one.
For those targots for which data exist, a table of PIItD values may 1;,L
specified as a function of weapon delivery parameters such a:s termn.na1
wvloýcity or elevaijon awgle.

"rne third form of El for direct hit kill, the BEI, is used curr-ently
for specialized bridgot targets only. The 13EI expresses the conditior:al
,|ara:ge probability (PHD) as a function of the bridge width (Wb) using the
equation:

B El

Wb
PHD = cI (3)

The BEI is an empirically derived constant which has been developed to
describe the efZectiveness of a particular weapon against a particular

bridge type. P1tD in this usage represents the statistical probability oO
causing a sufficient level of damage from a random direct hit on the
bridge roadbed. Similkr data for roads, railroads, and aircraft taxiways
oq runways could possibly fill a void which exists in the analysts arsenal

of effectiveness methodology.

IDIRECT lilT PIIIYSICAL' SIMU LATION MODELS

Point Location, Circular and Rectangular Models

There is currently a class of effectiveness models, used not
infrequently, which totally ignores the possibility of a direct hit on the
target. In this type of program, the target element or elements are
defined only by a two- or three-dimensional coordinate point location
(i.e., the target may be located at (X, Y) or (X, Y, Z), but no size,
shape, or description is specified for direct hit computations). Examples
of this type of program are given in References 5 through 13.

11



Only slightly more 'sophisticatedis a two-dimensional model in
very' w&iIe use within many effectiveness analysis programs. This
representation of the target is often used for single target elements,
multielement complexes, or for both elements and complexes within the
same program. Most of the routines which use a.two-dimensional
physical description model use either a circle or a rectangle in or
parallel to the ground plane.to represent the target: some permit.a
choice, and a few even extend the choice to include an ellipse.

When a circular, rectangular, or elliptical, area is used to repre-
sent a single target element, the radius, (X, Y) dimer.sions, or major and
mnIinor axes are normally specified so that the interior of the planar
figure encloses an area equal to the average presented area of the target
from the weapon attack aspects. Almost universally, though, the
pract*ice 'is to use an estimate of the presented area from the 90-degree
elevation (overhead) aspect without regard to weapon delivery parameters.
This simplification is necessary partly because tabulated presented areas
from various. aspects are not readily availaole for most target types.
However, even with exceptional targets for which these data are available,
the i'ncreased accuracy to be achieved in a two-dimensional model hardly
warrants the effort to include this added precision. References 14
through 21 are. some of the best examples of programs using two-
dimensional models for unitary targets or complex target areas.

To represent a complex target composed of many identical elements,
it is normally assumed that the elements are distributed in a uniformly
rancdom manner over the entire surface area of the target complex (circle
ellipse, or rectangle). For this type of simulation, most computer
modt.Is totally ignore direct hit kill of elements. This omission is not
serious if thie area of a target element times the number of elements is
small compared to the complex area. Even if this is not the case and the
igncred direct hit kill probability would be large, the error is usually
compensated for (sometimes overcompensated) by the statistical methods
for estimating blast or fragmentation kill (see succeeding sections).

The major attractions of two-dimensional physical models to the
effectiveness analyst are simplicity, speed, and minimal usage of
comrputer time. For, simple targets such as a runway, railroad yard,

war..'house, highway, or bridge roadbed, the model is sufficiently
accurate. Also, there are occasions when precision is of minor
importance (e. g., when computing gross trends from large amounts of
parametric data). The simplicity of the two-dimensional model permits
very comprehensive simulations to be made in a single computer run.

12



For example, the attack of a target complex consisting of hundreds of
individually defined circular or rectangular targets by a 13-52 forma-
tion dispersing tens of thousands of submunitions may' e simulated
with such simple models whereas use of a more complicated model
would be impracticable. The best results for two-dimensional physical
models are obtained waen estimating direct. hit probabilities for high
altitude bombing tactics with large numbers of bomblet munitions or
multiple passes against a single or mnultiple'element complex. The
poorest results are obtained when simulating low level bombing tactics,
artillery delivered munitions, and terminally guided weapons.

The mathematical formulations for two-dimensional direct hit
models are obvious for a single target and.single munition. For a
multielement complex target and a uniform distribution of munitions,
the statistical formula of Equation (4) for FK (fractional kill) is an.
example of the best methodology used in a closed-form program.

F I A
FK 1- ( - PHD (4)

where PjHD is the probability of kill given a direct hit on a single target
element, n is the number of target elements in the complex, AE is the
presented area of a single target element, RC is the radius of the
circular target complex, and m is the total number of munitions falling
within the area defining the target complex.

Parallelepiped, Spherical, and Cylindrical Models' for Direct Hit

The next level of accuracy for surface target effectiveness program
physical description models empl•ys parallelepipeds or, occasionally,
spheres and cylinders to simulate the actual configuration of a target
element. This methodology is almost universal among the high-accuracy
programs using Gaussian or Monte Carlo integral solutions, and although
the descriptive accuracy, is very poor compared to target vulnerability
assessment models or air target physical simulation models, it has, in
the past, been considered by most effectiveness analysts to be wholly
adequate for surface target weapons lethelity assessment of direct hit
kill capability. Nearly all of the large-scale effectiveness programs

13



reviewed which contained a three-dimensionrai target model use a ,ingle
parallelepiped to model a target element. Each target elem-nt is
described by a point location (vulnerable area centroid), a length, width,
and ;height. The most sophisticated large-scale models also define an
element orientation angle to permit rotation of the target element in the
ground plane, and permit definition of non-target elements such as
revetments or nearby structures which would protect or shield the target
-element from a direct hit or fragmentation kill.

Figure 1 illustrates a typical description of a complex consisting
of two vulnerable elements and a revetmenL Three wvarhead trajectories
are shown, one intersecting a surface of each component. The mathe-
matical formulation to determine if an intersection occurs is given
below.

W redIntersection

of T arget SufaCos

II S i/ /Warhead
/// •refectories

Target Warhead Intersection

Centrcids Revetment [ of Revetmnent

Height

IR evetm on t
WIIidth

Figure 1. Direct Hit. of Target Complex Elements
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If the defining physical surfaces of a target complex are renresented
as a series of horizontal and vertical rectangles, a direct hit will occur
if a line defining the warhead trajectory intersects any one of the planar
surfaces of a target element prior to detonation. This trajectory line
can be represented by two points (X,,, Yw,, ZW) and (XT, YT, ZT). The
equation of the line is given by:

X .XT Y - YT Z - Z
TT T

xw-XT Yw-YT ZW-Zr. (5)

The horizontal or vertical rectangular element can also be
represented by two sets of coordinates. For example, the first point
(XM, Y 1 , Z1 ) is located at the bottom end of a vertical surface, and
the second point (X 2 , Y2 , Z 2 ) is located at the top of the other end
(diagonal) of the surface. Using these. two points and a third (Xj. Y1 ,
Z2) derived from them, a plane representing the surface can be formu-
lated in matrix notation as follows:

X Y zl I

=0

X2 Y2 Z 2 1

X1 Y1  Z2 'J (6)

Equation (6) defines the vertical plane containing the three points, and
can be reduced to the following relation:

15
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X(YIZ+ Y2 Z2 - Y Z2 - Y2 ZI) - Y(X Z1 + X2 Z7 - X1z 2

- X2 Z1 ) - (XY 2 Z2 + Z1X2 ' - X1 Y2 Z1 . Z2X2Y) = 0 (7)

For simplicity, .the following substitutions are employed:

A YJ Z I Y2 Z2 - YZ 2  Y2 Z- (8)

3 X Z, + X2z 2 - xZ 2 -XZz (9)

D : X1 Y2 Z 2 '+ ZIX 2YI -XY 2 ZI -Z 2X2YI (10)

Thus, the equation of the plane is given by:

AX -BY-D=0 (1)

Solving the equation of the line, Equation (5) for X and Y in terms of Z
yields:

(z - ZT) (Xw - XT)

Zw- ZT (12)

(Z'- ZT) (YW- YT),

zw - ZT (13)

Substituting Equations (12) and (13) into Equation (11) gives the following
relation:

S/ 16/
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A [(Z74(XW - XT)(ZW) + B(YT)(ZW Z7 )(YW) + D(ZW - ZA•I
z :(14)

A(Xw - X) - 3.(Yw - YT)

The value of Z obtained from Equation (14) substituted into Equations (12)
and (13) gives the 'X and Y coordinates of the intersection of the plane and
the line.•

The components for the point of intersection are checked to determine
if they are actually contained within the bounds of the rectangular s-4 rface
(e. g., is Z1 < Z r Z2 ). Each check is performed by a series of cornpari-
sons for each coordinate value.

There are also available a few surface target effectiveness analysis
programs which more realistically model target elements using a number
of parallelepipeds for a single target element model. Although these. pro-
grams are currently in use, they are recent developments for evaluating
terminally guided bombs, and, as such, are almost completely undocument-
ed. Since most are simply modifications of existing programs, it is unlike-
ly that complete documentation will ever be available.' The methodology
for direct hit determination is identical to that for a single box description
except that more surfaces must be checked. A typical example of a highly
sophisticated three-dimensional direct hit evaluation model is contained
in the Air Force Armament Laboratory's Program 1721 (see References
22, 23, and 24).

Quadric Surface Models

Although, among the programs which were reviewed, there wer.e
no surface target endgame effectiveness analysis routines which use
quadric surface direct hit models to simulate a target physical confi-
guration, it is' nevertheless appropriate to include a brief description
of this methodology. A surface which can be defined by a second degree
equation is called a quadric surface. The formulations are available
(References 25 and 26) and provide much greater accuracy than current
models although they consume more core space and computer time.
There is currently much sentiment for and some effort directed toward
• sing quadric surfaces in a new family of high accuracy endgame
effectiveness analysis programs for' surface targets. Quadric surfaces
have long been used for both air target effectiveness evaluation programs
and for target vulnerability assessment where target physical descrip-
tions are of paramount importance to accurate lethality evaluation.

17



In Lagrangian coordinates, each point (X, Y. Z) on a quadric surface will

be a solution to an equation of the form:

AX 2 + By 2A Z2+ DXY + EXZ + FYZ + GX + HY +PZ + Q 0 (15)

Su .faces produced by straightline generators (cylinders and cones) and
curves of revolution (spheres, ellipsoids, paraboloids, and hyperboloids)
aie special cases o0 such quadric-surfaces. Other quadric surfaces
inclhde regular ellipsoids, hyperboloids, -and paraboloids, and combined
forms such as elliptic cylinders, elliptic cones, elliptic paraboloids,
and hyperbolic paraboloids.

All of the above named surfaces have relatively simple closed-form
defining equations and can be used alone or in combination to define or
approximate many very complex shapes or figures. For example,
Figure 2 illustrates how a MIG-21 can be quite adequately represented
by six ellipsoids.

- - I

Figure 2. Quadric Surface Models
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Sin-.e both the quadric sirfac.- arzd the weapon trajex-ry line can be
precisely defLned in a closed-fo-n riiathematical equation, a simultiineous
solution of tOie two equations will define any and all points of intersection
to accurately predict direct hit of the simulated target component or ele-
ment. An example of the methodology for determining the intersection of
a line and an ellipsoid follows (from Reference 25).

Consider an ellipsoid with axes of length 2.., 2p. and 27 locatud with
the center -at the origin of coordinate system B with coordinate axes Xg,
YB, and ZB. As shown in F ig' re 3, the weapon trajectory line penetrates
the ellipsoid at points ?I and .;2, which are along the X axis. of the weapon
(P) coordinate system and crosses the XB, YB plane at point A. A vector
from the origin to point A is designated:

ye

ze

Figure 3. Penetration of an El~ipsoid
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SB=XB iB+ YB JB (16)

A unit vector U, measured in the P system, can be placed along
the weapon path. Since the weapon is moving parallel to the Xp axis,
the analytic representation of this unit vector will be:

Up I 1ip + 0 jp+ 0 kp (17)

Vector Up, may be represented in thebody coordinate system as
UB by application of the rotation matrix T or:.

u -- Up T (18)

"cos 0 cos -cos 0 sins0 sins"

UB =1 0,, 01 sin@ cos* 0

.- sin c cos'ik sin 0 sinP cose (19)

where e and 'O are the elevation and azimuth of the weapon in the body
coordinate system- Expressing 0C in vector form:

UB cos e cos i' i- cos .sin 0 + sin •k (20)

For ease of notation, denote the coefficients of i, j, k in the B system
by x., y,, and z,, hence:

x =cos 0 cos i (21)

Yu -cos9 sin 0 (22),

20
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Z- Sib 0 (23)

From Figures 4 and 4' it can be seen that the coordinates of the points
PI and P2 are:

xi =x1  - ai x. (24)

yj "-y - a, y. (25)

zi -a, z (26)

where i is either I or 2 and al denotes a scalar quantity, either a, or a2 .

The general equation of an ellipsoid with reference to the body
coordinate system is:

x + y + z

-2 2 72- (27)

where ?, p, and "t, are semiaxes of the ellipsoid. Then, substituting the
Values of x, y, and z from Equatious (24) through (26) for the points P,
and P 2 gives:

(#1)2 (xg - aixu)2 + (v-f) 2 (YB - aiy,)2 + (vft)) 2 ( aiz,) 2 = (#f,)2 (28)

From Equations (21) through (23) and'Equation (28), the values of the
unknown scalar quantity ai can be determined by solving the quadratic in
Ij and substituting the values of xu, y,, and zu.

-Bie B2- 4AC

a5 - w2A (29)
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Figure 4. End View of Penetrated Ellipsoid
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where:

A = cos 2  cos 2 ÷, (Pf)2 + cos 2 9 sin2 ,/,(01)2 + sin2 0 (•i)2  (30)

B1 2W"62 cos 8 sin 4, -B - 2(fl7)' co-, cos ' 'B 
(31)

C (g-1) 2 x82+ (,-)2 Ya 2 -
(i1? (32)

Two values of a , i.e. al and a2 , are found by this method corre-

sponding to points P, and P2" If 6> 0, then 1 < z2 and:

B +

TA2A I(33)*,

B H - 4AC
S2A 2A

a2:' 2P4. (34)f

otherwise, for 9 < 0, the values of a, and a2 in Equations (33) and (34)

are interchanged, The components x,, yl, z," and x2 , Y2, 72 can be

found from Equations (24), (25) and (26).

Then, from Figures (4) and (5) it can be seen that:

R, =Xl+Y J j +zl Zk(35)

R2 x2 i + Y2 J+ z2 k (36)

The total length of tie path within the ellipsoid L is:

* Absolute values in Equations (33) and (34) are required to identify the

entry and exit points in the eilipsoid.
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2 'AC

(37)

A question maN- be iaised at this time about what would happe-i if
Ss -ll within the ellipsoid. In this case, the sians of al and a 2 would
diff -r irý: Fquation (24), (25) and (26) would. still remain valid. There
V., .-d, "r,. eI,( n.-, chanIce in the sulution.

T .-. ..tin (t the path uf thc w.eapon within the hodv ai•o involvc,
byN .'.'n:( n, a ýolutiorl fkr the axnles of impaLt and exit which li'c ,Veapon

• .a->s: hthh tar:Cet body [ see Figure (6)] . This solution can easily he
fou- ;i :r,,. the uquatLon of the surface. For a given surface 4, tne grad-
iev n. ii .:e a vector perpendicular to the surface at (x,, yj , zi). For
an -'Ihpiot-, it can 1!nerefore be stated:

I€- 2x,^ 23 N' zi

- -(38)

where i 1 for impact and i 2 for exit. A unit vector N can be formed
in the direction of the gradient:

I
W .pon Poth

ASU8  Surface
of L od

(X , Yji, zi)

Figure 6. Impact Angle to Target Surface
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(OV2 2 2
Nii

NIVO XIv'2x + (4 y,- + (,,1)4 7.2

and from the definition of the dot product between two vectors:

Ni. tUB- INI IU81 cosi (40)

where INI. 1, IýJ= 1:

A
N-Us Uyy2 xi i 4 ('w) 2 y1 j +(l) z, .

- 'cos z (xu i + Yu J + z. k)
N •t1 8  x(;•) (ny)4 y,2 + ( z (41)

Because:

0] "(42)

A-2= (43)

where A,, and W2 'are the impact and exit angle, respectively, formed by

the, weapqn trajectory with the target surface (see Figure 6). Then the

impact a gle:

sin D (44)
E

where:

D (=y9Z cos 0 sin ÷Y1 - gfl1)2 cos 0 cos (. x, - (4I2 sin e z1  (45)

=~ Yf2~ +~2 4~) y-z+ 2  (46)
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an( the exit an•ec"

;A, sin-/ F" (47)- C.;

w h •re:

1 2  ,, -. , 2'u, . sinc c' 2  ( (,e)2 cos a .os . x2 (48)

G;= ( ;) x - .) v,- + (,)4 z-(49)

Planar Surface Fitting Models

'Perhaps the most realistic and practical methods for obtaining a
mathematical description-of a physical target configuration for endgame
direct hit effectiveness analysis programs is the methodology presently
ustJ in defining target .-ulnerahilitv data for fragmentation and other
penetration kill mechanisms. This methodology, as typified by the
computer simulation programs SIIOTGEN (References 27 and'28), and
TA:1GET DESCRI PTION (Reference 29) uses planar'surface approxima-
tio-"s for fitting actual physical Configurations and can be made as accurate
as 1esired by using more or fewer surfaces or points defining the surface
vertices.

SHOTGEN uses a series of.' sequential points such that the third and
each succeeding point complete the definition of a triangle whose vertices
are the last three points in the sequence. By double-pointing or using
the same. point twice in the sequence, .a degenerate triangle or straight
line is defined. 'The surface of any object, however complex, can be
approximated in this manner with the degree of accuracy dependent onthe
nu:mber of points defined. The more complex the physical shape, the more
points are required for a given level of accuracy. Figure 7 illustrates a
target defined b3 this method.

TARGET DESCRIPTION uses both quadrilateral or triangular
planar input to approximate actual physical shapes in much the same
m.-nner as S1IOT(GEN. It has no advantage in accuracy since any quad-
ril:tternl can lite formed ftromn two triangles. The only difference is in
tiw: facility fo1r( it1! Th : i)I':Sc 'I I'TI()N program permits
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Figure 7. SHOTGEN Model
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input of common figures such as boxes, cylinders, cones, pyramids,
wedges, etc., with iniiinial input. The program automatically breaks
down the standard figure to quadrilateral or triangular approximations
an,: computes, all the vertices. Again, any degree of accuracy can be
attained if'enough points are used. An example is shown in Figure 8.

Another program which performs a very ,adequate function of
simulating target physical configurations is the COMGEOM (combina-
torial geometry) program which defines the input for the MAGIC target
vulnerability program (References 30 and 31)., This program uses a
combination of standard planar figures (parallelepipeds, pyramids, or
polyhedronsof 4, 5, or 6 faces) and the quadric surface figures, and
can even define arbitrar..ly curved surfaces. An example of a tank
target described in this manner is shown in Figure 9.

Any of the above three programs can achieve excellent target
physical -simulation for direct hit evaluation and should be consider',d
for future development of computer programs for effectiveness analysis
of terminally guided air-to-surface and surface-to-surface weapon
systems.

1/

Figure 8. TARGET DESCRIPTION Model
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Figure 9. COMGEOM Model
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SI'CTION III

BLAST DAMAGE V ULNENIA1I LITY SIMULATION MODELS

B3LAST DAMAGE EFFECTIVENESS INDICES

To evaluate blast kill mechanisms against various target element
types or against target complexes, four Els have been defined:

a Mean Effective Diameter (or Lethal Radius)

* Crater Diameter

* Effective Miss Distance (EMD)

0 Blast Mean Area of Effectiveness (MAEb)

The first El, Mean Effective Diameter, is used to determine the
effectiveness of mines (see References 32 through 41% It is defined
as -he diameter of a circle, centered at the mine body, within which a
finite probability of mine actuation and subsequent blast damage to a
target element exists. This El (interchangeably used or referred to as
Lethal Radius) is sometimes erroneously used for the evaluation of
fragmenting mines or active air delivered munitions. In this usage, the
combined blast and fragmentation kill mechanism effects are used to
define the Mean Effective Diameter,, or Lethal Radius, and a rough esti-
mate of effectiveness is based on probability of weapon detonation within
the defined circular boundary. Computer programs using this El are
statistically optimistic in that the kill probability predictions are greater
than with other (more accura-e) methods.

Crater diameter is used primarily for linear targets such, as roads,
railroad tracks or airfield runways. In these instances, the usable width
of the road, track, or runway must be-sufficiently cut by the crater or by
adjacent craters such that passage is denied to traffic.

The Effective Miss Distance (EMD) of a target is defined as the
maximum distance from the target edge or surface at which the weapon
can be detonated and still inflict the desired damage. Calculations which
consider EMD as the El normally require that the area or volume around
the target enclosed by the EMD be treated exactly as if it were part of
the target.
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* Blast Mgean Area of Effectiveness (MAEb) is a casualty or damage
"effectiveness index which is often approximated by a circular pattern.
The probability of damage given a hit (PHa) within' the circulzr pattern
radius is unity,, and beyond that distance. P 1D, is zero. The concept
of MAFVbis not used for three-dimensional simulation. Mathematically,
the magnitude of, MAEb is computed by the formula:

MAEb j Py- (r, o) rdrdi (50)

Where PgK (r, 9) is the probability of obtaining a kill due to blast damage
at a distance r and azimuth angle 0 from the weapon to the target centroid
(r and 0 'are ,measured in the ground 'plane), and R is a distance beyond
which PKB is zero for all azimuth angles. Physically, the concept of a
circular area for representing MAEb is usually an adequate simulation

* technique for evaluation of weapon system blast lethality whenever the
target is small with respect to MAE b and impact detonating fuzes are
used. This is so because blast effects are nearly spherical in their
volume of influence and because the difference between the distance at
which 100 percent blast kill is achieved ax d the distance at which no kill
can be expected is relatively small for a. la.-ge, range of target types.

BLAST PHYSICAL SIMULATION MODELS

Most physical simulation mndels for blast lethality are relatively
simple in nature compared to direct hit or fragmentation kill models.
The simplest of these are, of course, the two-dimensional models.
There are also more realistic three-dimensional blast models which
are functionally dependent on distance, and a few in which corrections
for atmosphere and other depend.-nt variables are made.

Two-Dimensional Models

Two-dimensional blast damage simulation models are usually
extensions of direct hit models, if they co-exist in the same program,
and are simply concentric' similar figures. If the direct hit physical
dimensions are modeled by a rectangle,' the blast model is me•rely a
slightly larger rectangle with' both the length and width dinensions
increased by an effective miss distance (EMD) (References 42 through,
45).

21
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* If the evaluation model ignores the possibility of direct hit kill, the
oversight is hormally corrected by mean's of the. blast kill formulation.
The rationale is usually that all direct hits would be well within the lethal
blast radius and would, therefore be scored as a kill by blast. This type
of two-dimernsional blast model is'consistent withthe general approach to
keep evaluation programs simple and efficient; howe~ver, for targets
where direct hit is a critical kill mechanism (bunkers, tanks, armored
personnel carriers, etc. ), the simple approach does not provide the re-
quired accuracy, especially for terminally guided munitions, low angle
delivery, or direct fire weapons. If tVie direction from which the weapon
approaches the target can be considerLd to b6 always parallel' or perpen-
dicular to the rectangular target area, then for a two-dimensional target
(i.e. , a target without height), the effective target length (LET), effective
target width (WET), and effective target area (AET) are defined as:

,L r LT+ 2EMD (51)

WET WT + 2EMD (52)

-AT (LET)(WET) (53)

where LT is the dimension of the target parallel to the flight path and WT
is the dimension of the target perpendicular to the flight path. For
example, the target shown in Figure 10 has a target length of 50 feet and a
target width of 40 feet. If the EMD is 10 feet, then LET would be 70 feet,
WET would be 60 feet and AFT would be 4, 200 square feet.

For a three-dimensional target and an impact detonating fuze, the
effective two-dimensional target area is a composite of the plan target
area, the area around the target defined by the EMD, and the shadow area
resulting from the projection of the target in the ground plane, as shown
in Figure 11. The shadow length is:

LSH tan '(54)
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Figure 10. Effective Miss Distance About a Rectangular Target
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Figure 11. Effective Target Area
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whlvre I is the impact angle and IIT is the height of the target. Tho effec-
tiv,: target area is thus:

AfT = (LrT- 2E"MD)(Wr + 2EMD) + WT(LSH - ENMD) 0(5)

To obtain the effective target length (LET) and effective target width (WET).
it ,s sufficient to convert the above irregular projected area into an
eqi.ivalent rectangular area with the width WET WT + 2EMD. LET is thus
de:ined as:

(LT+ 2EMD)(WT + 2EMD) + WT(LSH- EMD)
LET -FT (56)

If the target requires a single direct hit to produce the desired
bh,.st damag- LEMD is zero.

For air burst or proximity fuzes it is necessar-j to include the
ef.'ective target height (HET) directly rather than its projection into the
ground plane (shadow effect), -ince the lethal blast radius. is truly
th:ee-dimensiohal. The pseudo three-dimensional technique of including
th.ý shadow area of the target to determine hit probability of a three-.
dimensional object in two-dimensions is therefore inaccurate for an air
blast damage mechanism evaluation model.

When the MAEb is used as anEI, the effective target length LET
and effective target width WET may be defined as:

LFT Er WJ-T. (57)

The evaluation is always two-dimensional in this event since MAEb is
defined as a two-dimensional EI.

Three-Dimensional Models

The second level of sophistication in blast damage evaluation
models is the three-dimensional blast volume, within which blast kill is a
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cer'aintv and for which extturn-al ,4ctunation cannot produ-ce a blast kill.
Nc:'.ly one-half (f tht prcu ca,'.v. ihicil cnta.n ti:ree-dirnivsional blast
mo els use a simiple sphere to model a lethal blast radius arcund the
tar' et, and most of the cmnain:it-r use a parallelepiped. Only a very
few permit the use tof m1i•s�iuios or cylinders,. and none of those reviewed'

cor-ained nmore exotic•o niC Set., ii).;" qoL:adrie- surface niodels. ".Figure
12 -s an example of an -lW1ps.L-al zlast eTvelopt- about a parallelepiped
ýbo.-:) target element. Tihis moudl is a mnore roalistic simulation of blast
vulnerability than using a lar-,gor box to define the biast surf.'aces.

Although the target descriptmton and vulnerabilit• progr:-ins, SIHOTGEN,
('0`'(;I:( ) X, and TA: I'(; :T tDI.S(' I' I"''IPION, are cncurned with 'describing
to ph•sicat'tar•ct nt1i 'lLt 1' lw'thl:tI bL.st c'.t loIe, - logical extensihun of

thi.f; 1101' 0j)Ii t Itt'LICt(I ,l , ih. Ipp)licdI to hlkst d:mna. "

OVI Uatio(i. This wOnl d Zrq ii rt' that U:ah ¢I, thf U il r ar V CtII'i sOrr-

fac-ts be projected from a single interioyr point ,:uch that a larger si, ilar
phi-iical model is defined at the offective, nxiis distance fro m the original
suraces. An e:.:ample of a good throe-dir.mensxonal blast mSodel is given
in .'.FATL's aircraft shelter vulnerability computer prograin documented
in :reference 46. This program contains an excellent.description of
blaAt damage evaluation methodI',hogvy which is typical of that contained in
the better three-dimensi6nal blast lhthality evaluation ,nmodels.

Nz

Figure 12. Blast Ellipsoid Around Box-Shaped Target
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Blast Damage as a Function ofDistance

The next level of sophistication of blast models is the definition of
variable blast kill as a function of distance. This method always can be
reduced to the basic concept of two blast envelopes. The inner envelope
represents the maximum (usually 100 percent) kill boundary, and the
outer envelope represents the boundary beyond which blast kill is
always zero. Between the two envelopes, some form of mathematical
interpolation technique '.efines the probability of tbbtaining a blast kill.
Almost invariably the interpolation techniques are linear, although the
physics of blast impulse would suggest that interpolation according to
the inverse square or cube of the distance, or a logarithmic technique
would be more accurate.

To illustrate the mathematics of such a model, consider a simple
point target with blast envelopes modeled as spheres. Two radial
distances are input directly or calculated from input valuescf target
critical impulse levels and warhead equivalent ýare charge weight of
explosive. Let RB! and RB2denote these distanc s as shown in Figure 13
and interpolation be linear.

1.0

0.0 R B1 B2

Figure 13. Probability of Blast Kill Versus Distance

Then the kill probability due to blast, PK8o is given by the following
relation:
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1 for 0 < D < 1l3 1

R0 2 - D

for R& < 1) < FIB2P DR 2 - R B I '

\0 for I) RB2  (58)

where 1) is the distance from the warhead to the target. An example
of this methodology as used in a two-dimensional model for evaluating
Lethal Area is corntained in Reference 14.

Atmosphere and Other Variable Dependent Models

Blast model evaluation methodology in the most sephisticated pro-
grams provides corrections to the size of computed blastenvelopes as
functions of kinematic encounter variables such as atmosphericpressure
at the target due to altitude above sea level or meteorological changes in-
the environment, or azimuth and elevation angle of the approaching blast
wave. Since blast impulse propagation is a mass-transfer wave pheno-
mena, the acoustic properties of the transfer medium determine the
amount of energy transfer. Thus, a given weight of explosive will
transmit energy better through a denser medium.; therefore, high
atmospheric pressure and moisture content will support greater target
damage than a low pressure, dry environment, all other things being
equal. Since air density varies. with altitude above sea level in appror•-
mately the ratio j for each 31, 000-foot change in altitude, the blast
impulse I should include a multiplicative correction of:

I TISL 3 10 0 0  (59)

where ISL is the computed impulse at sea level and IH is the target height
(altitude) above sea level. The JMEM/AS open end methods for the Wang
computer (Reference 17) contains the correction.

Corrections to lethal. blast radii for direction of approach of the
blast wave are desirable for realistic blast damage probability predicti..on.
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SECTION IV

FIiAl;MENTATION DAMAG;E EFFECTIVENESS METIIOI)OLOkGY

FRAGMENTATION DAMAGE EFFECTIVENESS INDICES

There are only two Els which are used for evaluation of fragment i-
tion weapon lethality - Meax: Area oi Effectiveness and Vulnerable Ar.a;
both have been disi-ussed in previ-us sections. However, since
evaluation of fragmentation kill is often the most difficult and important
task of the weapons analyst, it is considered desirable to develop these
concepts further for this section..

A frank discussion of fragmentation Mean Area of Effectiveness
(MAEf) should begin with a strong statement to "BEWARE" in the use
of this El. Unlike MAEb, there is very little in the way of physical
realism or tangible simulation concepts which can be attributed to MAEf.
As a comparison tool, the concept of MAE is a very utilitarian measu-e
of effectiveness. Problems invariably arise, however, whenever MAIf
is converted to a more universally understood (or accepted) concept,'
single shot probability of damage (SSPD)for single shot kill probability
(PKSs£)]'. MAEf is a casualty or damage index which is related to the
average number of target elements damaged by a weapon when the target
elements (e. g., personnel) are assumed to be uniformly distributed
over the target area. If targets are uniformly distributed over an area
with a fixed density of targets per unit area, then MAEf represents the
expected nntinmixr of targets damaged (e. g., expected number of personnel
casualties). NIAE! depends upon the target vulnerability, weapon charac-
teristics. inipact \t'locity, weapon angle of fall, and burst height. For
evaluatmnc we~•p-.n effectiveness against a single target element or other
than a '--r d,.•ribution of target elements, care must be taken to
insure tmal o., oechrcques for averaging effects of MAE do not negatel
the applicabAizt. -f trw methodology for the given weapon system. MAEf
should nerer I- ,je- for SSPD evaluation of directional or focused F

fragmrnenatsi 'nteitions or conventional cylindrical weapons with low
impAct an-ir.- k•ris finite target elements.

In the JMEM open end methodology, for the purpose of computation,

MAE for a weant-otarget combination is the area over which a weapon,
on the averag-, will cause at least the specified damage to particular
target elements. Since the effects for bombs and missiles are more
elliptical than circular, an additional factor needed for computations is
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the lhn.th-to-width ratio (a) which can ue used to providet a closter
fapl'-oxrmation to the shape of the damage pattern. 'To determine tffecc-
tiv ,ness parameters for this El, an ellipse is obtained whose area is
lA•" and whose ratio of minor to major axis is(a). The effective

target length (LET), effective target width (WET), and effective target
ar, i (AET) are therefore defined as:

LET= 2 or 1.128 •.•-(a) (60)

WET =(61)

AET- MAEf (62)

If a is nearly one (i. e. , the impact ,angle is near 90 degrees), then the
pattern will be nearly circular in shape, and:

LET = WET = 2 . (63)

The mathematical definition of, MAEf is:

MAE" fJofKF (r, o ) r dr do (64)

where PKF (r, e ) is the probability of obtaining a kill due to fragmentation
damage at a distance r and azimuth tngle 0 from the weapon to the target
centroid. A similar formula for MAEb was given in Section III with
little or no qualification for its use. The difference in the defining
functions PKB versus PKF is important and must be urderstoo4. to permit
proper use of the concepts.

As stated before, for nearly all conventional weapons containing
high-explosive chemicals, blast effects are nearly spherical (highly
symmetric) in their realm of influence. The PK function is therefo3re
indepenLdeit of azimuth angle 0. Also, for most targets a sharply defined
blast damage threshold exists, which means that the PK function is unity
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within a threshold radius and drops rapidly to zero outside this radius.

The fragmentation kill probability function (PgF) is not nearly so
well behaved. First of all, except for spherical munitions or cylindrical
munitions delivered at 90" elevation, the function is highly 9 dependent.
Also. there is nothing continuous about a fragmentation pattern composed
of a finite number of fragments, and since fragments can m'•aintain a letial
velocity over a long range, the limit of integration R is a relatively long
distance from the detonation point origin. To summai. ize, the complexity
of the PKF function and its discontinuous nature make it unsuited to the
type of averaging calcuLations associated with MAE. The result is a
tendency to overes-timate SSPD. Given any particular weapon system,
the standard computational practice of assuming a lethal radius given by:

(65)

will normally result in an ovei estimation of SSPD.

The other fragmentation effectiveness index, vulnerable area (VA),
is that portion of the target presented area which is vulnerable to an
individual fragment. The VA is therefore a function of individual frag-
ment parameters (weight, shape, and striking velocity) as well as the
aspect angles (azimuth and elevation) at which the fragment strikes the
target. VA is a more basic entity than MAE and, in fact, must he used
in the computation of MAE. SSPD for fragmentation can also be cal-
culated directly from VA, and although the integration is more compli-
cated, the results are more accurate.

Perhaps the best way to define this EI is to give a short desLription
of the methodology for computing VA using the computer programs
SHOTGEN or MAGIC. These programs produce the data to compute
target vulnerable areas as a function of fragment classes (which .. re
determined by a unique striking mass (size and shape) and as a function
of striking velocity and aspect angles (azimuth and elevation).

Target vulnerability is described in terms of the vulnerable compo-
nent concept. The substructures oi the target that are most essential
to the target's continued usefulness, and which cannot be immediately
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repaired if damaged, are considered to be vulnerable components., For
example, if the target is a truck, the engine, transmission,, fuel t,-aks,
ignition system, coolant system, electrical system, suspension, and
.pos3ibly the driver may-be considered as vulnerable components. The
assigned level of damage probability given a hit (PHD) is specified for
eacf' vulnerable component and each fragment class.

The amount of metal that an incoming fragment must penetrate to'
reach a vulnerable component may vary greatly with the wtapon's
direction of approach. 1or example, a fragment approaching a voltage
regulator from above might encounter a small fraction of an inch of
shielding, while a fragment approaching from the front or rear might

.have to penetrate several inches of metal before reaching the regulafor.
The problem is that nothing is known in advance about the orientation
of the target with respect to the weapon burst point; therefore, a specific
direction of fragment approach to a vulnerable component cannot be
specified. At first consideratit.n it would seem reasonable to look at the
components in question from every angle, average the encountered metal
thi:knesses, and consider this as the shielding. The procedure has at
least one constraint: a weapon may have a penetrating threshold below
this average thickness. Therefore, we would calculate a zero proba:bility
of kill for this weapon even if the weapon can, in reality, penetrate the
co-.ponent shielding from certain aspects.

The SIIOTCI-.N and MAGIC programs solve the above difficulty by
computing the shiehlding thic kite sses f(or each componient at pIrescr'ibed
azimuth and elevation viewing aspects. The'programs set up a grid in
space which is normal to a ray corresponding to a particular' viewing
aspect. Fragment projectile lines (shotlines), which are normal to and
randomly located within each cell of the grid, are projected toward the
target (as shown in Figure 14). Each of these lines is examined in turn
to determine which of the target components is encountered along the
shotline. The sequence in which component is encountered and the
equivalent material thicknesses are then stored on a magnetic tape for
future processing. The smaller the individual grid size, the greater the
accuracy, and also the greater the computer time required to compute
all the shotline data for a given viewing aspect. Increased accuracy can
alqo be obtained from an increased number of viewing aspects at the
expense of computer running time.

After the individual shotline data has been collected, it is processed
by a vulnerability' program such as VAREA (Reference 47).-' Besides the
shotline data, the individual values of fragment classes and initial striking
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Figure 14. SHIOTLINE Grid

velocities must be specified. Each of the ihotlines are examined for each
targe' component in the sequence in which they are encountered and for
ench " agment class and initial striking velocity. This is done to establish
whether a penetration into a vulnerable component takes place. Pene-
tration is determined with the use of equations (Reference 48) which
prediz-t residual, mass and velocity for fragments impacting specified
thicknesses of target materials.- If the shotline does not intersect a
vulnerable component or the fragment does not have sufficient mass or
velocity to penetrate to the component, then no vulnerable area is
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accumulated for that shotline. I'or each fragment that (toes penetrate a
vul:•erahle C'ompl1)onent, t1!0 ('C011 WVl in the original grid 'is Multiplied by
an appropriate -HD and accumilated as a minute bit of vulnerable al'tVa.

'By collecting the vulnerable al-rea accumulated at each variable increment,
vulnerable area tables are produced which tabulate the data in ternms of
azimuth and elevation angles, and fragment weights and velocities. The
abcve programs also producetables of average vulnerable area for indivi-
dual coMponents or for the entire target. This may be accomplished by
averaging over all possible azimuths at a particular elevation angle. The
table is then indexed by elevation angle for all elevation angles of concern.

FRAGMENTATION PHYSICAL SIMULATION MODELS

All fragmeritation effectiveness analysis models which use MAE"
as an input effectiveness index are statistical models which operate in
the same manner as for MAEb. These models are efficient closed form
type programs and are useful for obtaining preliminary estimates,
processing large amounts of pat'ametric data, or conserving effort and
computer time when absolute accuracy is not critical. Examples 'of two
of the better methodologies ofthis type are given in References 49 and
50.

All other fragmentation evaluation programs, including those which
compute the input values of MAEj for individual weapons, use VA as an
effectiveness index and all are basically identical in the methodology for
computation of PSSK (or SSPD). An example of this methxtiology follows.'

Fragmenting Munition Effectiveness Analysis

Target input data for evaluating fragmenting munitions consists
of tables of vulnerable at'vas as functions of fragment striking velocities,
mass, and aspect angles, as prviously defined. The more sophisticated
models will accept larger arrays rt'presenting finer detail in the
vulnerability model, and they usually will provide for simultaneous eval-
uation of several types of targets and many locations for. each type.

The fragmentation characteristics of a warhead are defined in terms
of polar zones bounded by polar angles measured from the nose of the
warhead. Most programs assume symmetry about the longitudinal axis,
but the more sophisticated programs allow also for variation in frag-
mentation characteristics in longitudinal angular zones as well. War-
head performance is input in tabular form for one or more classes of
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fragments each having a unique initial velocity, weight, and presented
area. The tables also define the number of, fragments of each class
which are ejected from each zone (defiried by upper and lower polar
angles and, if applicable, upper and lower longitudinal angles).

Other inputs include the terminal lelivery conditions such as
weapoin system approach azimuths, div.: angles, deployment altitude,
number of munitions delivered in a sm "e pass, delivery errors, ballis-
tic errors, submunition distribution, and submunition terminal velocities.
The most sophisticated programs have fuzing options for altimeter fuzes,
active or passive radar fuzes,' slant range fuzes, electro-optical, fuzes
and other influence fuzes, as well as impact and delayed detonation fuzes.
For target complexes containing more than one type of vulnerable com-
ponent, there must also, be kill criteria specified to determine which
and how many components must be damaged to constitute a kill of the'
entire target complex.

Programs using the Monte Carlo procedure select a rxndom
sample of detonation points for each munition in a single pass and
evaluate the probability of killing each target component with fragments
projected from each detonation point. This process is repeated many
(several hundrea) times to obtain average, kill probabilities for killing
each component in a single pass, and the probabilities are then combined
to obtain the single shot kill probability fcr the entire complex according
to the stated kill criteria.

Other integration techniques are available which define specific
evaluation points in terms of standard deviations, For each such point,
a.distribution weighting factor, is also specified which represents a
probability that a variable will be found within an interval with boundaries
between the two adjacent evaluation points. For comparison evaluations
where only one or two variables are involved in the integration, these,
fixed tabular integration techniques are generally superior in accuracy
and efficiency. For three or more variables, the random number
technique is equal in accuracy and efficiency and considered by many
to represent a more realistic simulation of the truly random nature of
weapons delivery processes.

The mathematical expression defining fragmeintation kill probability
for a single weapon, according to the Binomial Distribution Theorem, is:
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PKF" =I I- I( - )V
k= 1 Ap (66)

where Ne is the number of fragment classes from the warhead which
strike the target, Ap is the total presented area of the target exposed
to the fragment hits, Avk is the area, which is vulnerable to the Kth class
of fragments, and Nk is the number of fragments of class K which strike
the target. By making logical simplifying assumptions that the distri-
bution of fragments within each class is uniform over a given polar
(and longitudinal) zone and that the Pois:son approximation to the Binomial
Equ-ation is valid, a simpler forny of the basic expression defining PACF
is assumed to be:

PA:F'l-exp [ N yj
k I(67)

where Pk is the spatial density of fragments from the ktk class striking
the target (i. e., Pk = Nk/Ap). If the target under Co.nsideration is per-
sonnel, the Avk defined as follows:

Avk (Ap)(Pck) 68)

where Ap is tha target presented area as a function of height of burst'
and horizontal distance, and Pet is the kill probability based on a
fragment hit of a certain mass and velocity. The presented areas for
standing, prone, and foxholed troops in various types of terrain as
defined by the Ballistic Research Laboratories (BRL) may be input or
compiled into the programs. The BRL conditional kill probability
expression (Reference 51)is used to compute Pck.

To evaluate Equation (67) the following information must be deter-
mined:
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*e Each class of fragments from the warhead which strike the

target

0 Striking velocity of the fragments of each class

0 Striking aspect angles of thle 'ratmiltts of each class

* Striking density of the fragments of each class.

Some programs assume a static situation (i.e., that-the warhead is on
the ground and stationary at the time of detonation),. but the, more accurate
programs calculate relative velocities and dynamic- fragment character-
istics. The dynamic fragmentation characteristics are obtained by
vectoring the static warhead fragmentation data forward with respect to
the missile velocity vector. Hence, each static class of each polar zone
is redefined to form a new dynamic fragment class with its own upper
and lower polar angle limits.

These dynamic polar angle limits for each class of fragments are
used in conjunction with the following relations to determine which of
these classes have fragments that strike the target at the point location

(XT, YT, zT) under consideration. The angle from which a fragment
must emerge to strike the target is given by:

Cscos cos a cos + cos a sin 0 - i

( D ) (69)

where 6 is the angle formc I by the missile longitudinal axis and a line
between the detonation point and the target centroid, (xw, Yw, zw) is the
detonation point coordinate of the warhead a and a are the warhead
terminal flight path angles at time of detonation and D is the distance
from the warhead to the target given by:

D [(xw-XT) + (Yw y 7) 2 + (z,,z T) 2] (70)

The resulting fragment striking elevation angle is given by:

,= -' [w-zT)/D] (71)
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At this point, the distance to the target and the fragment classes

which strike the target are known. To calculate the striking density

of fragments of each class, the initial dynamic velocity (Vo) must be

calculated as follows:

Vo Vpp COS 0 (Vsk - . )2. (72)

where Vm is the missile terminal velocity, Vsk is the static initial velocit:

for the fragments of the k k class, and o is as Computed in Equation (69)..

Finally, the, dynamic fragment striking density, pDk, is computed by:

'P~~~ ~ ~ Dk2P'..k V4 S

where Psk is the static fragment density (fragments per steradian) of the

kth class, and V0 is defint'd by E'quation (72).

The remaining tasks arv, to solve by iteration for the striking

velocity and to compute Avk for k 1, . . , Nc, by interpolating in the

taL"Alar vulnerability data. Thus, the kill probability due to fragments

(PKF), as defined by Equation (67) may now be calculated.

It should be reiterated at this point, that the Concept of vulnerable

area, 'although it is the best concept available, is certainly imperfect

and may be considered approximate in simulating real life situations

between highly accurate terminally guided munitions and actual

three-dimensional targets. The most glaring inadequacy is that the

vulnerable area concept is not three-dimensional or even truly two-

dimensional in that the VA associated with a vulnerable component is

all assumed to be located at a specific point (the component' centroid).

Hitting or missing a vulnerable component (of any size is mathematically

assumed to depend on whether or not the component centroid is within

the fragment spray zones., Even the most sophisticated of surface target

computer programs utilize this imperfect concept although some allow"

for the VA to be partitioned among several point locations rather than

a single one.

Most of the effort to develop better concepts is bering directed

toward improved air target effectiveness programs where the extent

of the concept inadequacy and hence the need for improvement is greatest.

However, one new concept for development of superior surface target
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effectiveness methodology is the extension of the POINT 13UIIST
vulnerability assessment routines (e. g., Reference 52) to the calcula-
tion of endgame effectiveness of surface targets. This effort is
currently being conducted at AFATL.

Multiple Fragment and Svnerristic Effects

Fragmentation kill probability (PKF), as computed by the above
methodology, is restricted to the precept that fragmentation damage is
invariably the result of a single fragment penetration into a single
vulnerable component. There is no allowance for the real-life possi-
bility that one fragment might penetrate the shielding and a second
(following) fragment could damage the vulnerable component behind the
shield, or that the simultaneous impact of many fragments might cause
damage in excess of that which would be caused by the same number of
fragment hits, one at s time. Only recently has much thought been
given to the possible bo, is effects of multiple fragment or synergistic
damage mechanisms. Recent developments in the focusing of kinetic
energy fragment!-, primarily for antiaircraft weapons, has'added an
impetus to t._, _lop realistic methodology to account for these recognized
phenomena. Thus far, most of the metho&' )logy. has concentrated on
redefining the vulnerability to include essential structural components
which were previously considered only as shielding. The damage
mechanisms are basically of two types, "Energy Density" or "Material
Removal." For the former, a threshold energy density is defined and
if the kinetic energy of all tht, fragments within a unit area collectively
exceeds this value at the time of impact thi target is sufficiently
damaged. This conc,!pt assumes that all of the fragment kinetic energy
is transferred to the target (the fragments do not penetrate). The
second concept is almost thle antithesis of the first inthat it assumes
complete penetration of each fragrrent, removing the structural material
from each fragment hole and infers that the damage results from weak-
ening the structure sufficiently so that normal static and dynamic loads
cause complete failure. Although much attention has been devoted to
these concepts, the resulting 'methodologies are not yet widely accepted
and are seldom, if ever, used in evaluation of surface target weapon
lethality.
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SE"CTION V

MISCELL-ANEOUS SPEC'IAL PtIRPOSE VULNEI{ABIMUTY
\II.:T IIOIX) LOG)Y

The previous sections on direct hit, blast, and fragmentation
vulnerability were attempts tO dO.,;cribe the metho&d;iogy available in
mere than 90 percent of the endgame effectiveness analysis computer
programs. There are perhaps three other conventional kill mecha-
nisms worthy, of a brief mention. These include incendiary/fragmentation
weapons, shaped charge weapons, and flechette weapons. The following
paragraphs present a very cursory discussion of the most significant
methodologies which are unique to these particular, LI1 mechanisms.
There are also several continuous rod warhead types in the inventory,
but these warheads are used exclusively for air targets and will not be
included in this surface target report.

INCENDIARY F RAGMENTATION MUNITION MODELS (REFERENCES
53 TtHROUGH 58)

The most inclusive treatise on effectiveness of incendiary or
incendiary/fragmnentation munitions examined is contained in the com-
puter program documentation of Reference 56 and 57 which presents a

Sdescription of a computerized spatial-time model of events potentially
leading to ignition of fuel vapors by texposure to a mix of' fragmentation
and incendiary munitions or to munitions containing burning reactive

* metal particles. Thus, vehicular targets (e. g., trucks) containing
fuel, become considerably more vulnerable when incendiary materials
or reactive metal particles are added to the conventional fragmentation
% munitions.

The salient events occurring during an encounter between a reactive
fragmentation munition and a target with flammable fuel are as follows:

* The munition or munitions de~tonate and project large primary
fragments andnumerous small burning particles of incendiary
or reactive material.

0 The primary fragntifl. pltrforates the fuel container wall,
passes through the fluid, and causes a cavity to expand in
the fluid.
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"* Tlae cavity hegins to collapse half-way through its period andi
foroes a high ly atomized spray of fuel through the perforation
during completion of its period.

"* The fuel spray travels in a conival patiern away from the
VV~ntalait't' w:1ll as thet cavity a.epe-ats Itcc'5Iae uSes whos.'

volti nu' anr I dur at ion are d~grtlditnti :- I a tedy leak resuilt...

* h 'lhcuringTili val ' an a atecrac w itha tile ftawi spray or with
* the reutanit puiddle -of leaked fuecl and cause ignition if the

Iinteract ion occurs after spray emergence and prior to
particle burnout.

4 1rThc igonition ran propagate, to~tho main fuel discharge~ and a
siasta tn jug ful- ftrk cc ccsutts.

Since- gasoline- I.- h ighly tliazaniable at miost a mbient temnperatures, a
sustaineod fire i ; read ily a'chieve'd due, to tilt surplus of vapo~rs in the
loca. arv~j However, dlies!-1 fuel dtoes not vaporize at most ambient
temperatt~res and, although igniting the highly atomized fuel spray by
burning particles is easily accomplished, a sustained fire is much more
difficult~t: schieve. A co 'nsiderably nprrower lethal time span for sus-

* tained igiino islfllb urning particles exists than for Mogas.
In ig~to fdec ulbpartictilar, it appears that a signmificant delay in ignition time enhances

* prohahilit\ of sustainineg a fire to the main dischar-e stream' since the
Sprav is full. a'xpos'd , At dcli ye cs a lat-te r t nertma pulse, and the spray
is not Consumedl prior to inaln stream issute.

Burningl-' l~artic Ic Project ion

Stat~ac pari'tcle project ion charactei-ist acs ave (a's with normal frag-
ments) de ifined in polar zones, each of which inay have distinct val ues
for:

oiUpper and lower polar angles limitinpg di~stribution (*,,and 02).

e Number of particles (N P).

* Lethal burn timle (tb).

e Initial velocity (V 0 ).
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0 Drag.coefficient limits 0%, an.- K,).

Thc burning particles are assumcd to be laun(:hed in spherical se,:e-.
formned by 'u and o. rhey obtain a constanti'y increasing radial s~r-•-u-
Tics during flight due to uniiforni dlbiributlur of drag factors between
K Ind K2. Thert•fore, at an, time, fromn detonation, he burning partY.-
cb s are located in a solid sphl, ricai scgeiit dofined by the polar angles
anci outer and inner iradii':

R (t) = 1/K 1  i,(K! v; t + 1) (74)

RI (t) I/K, In (K7v 0 t 1) (75)

F: '1 Container Perforation

The large prinia.'y fragments launched at munition detonation,

impact and perforate the fuel container. The Project THOR equations
(Reference 48) are used to de-termine perforation capability and residual
mass and velocity of these iragcn-cnts. The maximum azimuth deviation
fr 'n the container surface normal is related to impact velocity (v),
ma3s (Yn), elevation angle (ILEV)..and wall thic kness (Te) as follows:"

AZMAX= AZ (v, m,reELEV) (76)

The residual velocity (vR) and .;ass .(rnp) were also related to impact
characteristics as follows:

VR vR tv, m, 0, Te) (ips) (77)

mR mR (v, ti, 9, Te) (gr) (78)

zThe specific functions are not identified in this text to avoid security
classification. For further detail see Reference 57.
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where 9 is (bliquimt~ given I),"

0 os [,Os (AZ) 'os (ELv (79)

Thi frg,,,I l 'is 's .;I ume'd to c',use a perforation size equal ,s pre-
-;cnted ari'ea (Ap).

Vuel Cavit•ntion and Spray I. mergence

After the primary fti agrnent haE perforated the fuel container wall,
the r-es iduhl frar 1 týn1't i1,•,.ins to pass thihrough the fluid. A cavity is
formed in the irucI bol'indl tilt, r.oiidua-l frai.,melit. Til volume and periou
of thl, avitv has been shown to vary with fragnient kinetic energy as
follows:

Vc= 8.92 x 10- E (cc) (80)

r 5.85 x (1) (-*)

where E is fragment kinetic energy in ergs obtained from:

EZ mR vR (82)

Equations (80) and (81) were derivewd from underwater ballistic experi-
ments.

Assuming the cavity achieves its maximum extension at one half
of its period, then the fuel sprIay begins to emerge from the fragment
perforation at time r/2 seconds after impact when the cavity begins to
collapse. nl"mergencc v.locity of the spray, assuming uniformity, is
given by:

v= 0.30 VC I[(r12) (Ap)] (83)
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Th:' spray emerges from the container in a conical pattern normal to
the surface within a cone a"ILeC of approximately 20-degrees. Tile outer
an(: inner diameter limits of the spray Do and DI) are expressed as a
furnvtion of time (t) from detonation as follows:

0 1ft t ,; 1/2
DO (t)-., (1/,) In [Iii's (t - ti - ;2) * (84)

0 if t< tf+ +
.(t (1/K) 1n [Kvs (t -t- r) + 1] (85)

where K is drag cv'fficicnt' of the, fNeli droplets. and tf is the primary
fragment tiniv of flight, given hv:

t- f (c/fR - 1 )(V1 Kf.) (86)

where Kf is drag coefficient for the primary fragment, R is distance
from detonation point to the fuel container, and vI is initial velocity of
the primary fragment. Equations (84) and (85) define location of the
first fuel spray in front of the container in terms of time from detonation.

It should be noted that wall thickness (Te) of the fuel container is
the only target parameter in these equations. Fuel spray characteristics
are sensitive to other target parameters including container size,
container shape, ullage/fuel ratio, impact point relative to fuel head
as weli as fragment configuration and mechanical properties. These
relations are based on full 5-gallon military fuel cans impacted at the
center by steel fragments.

Fuel Cavitation and Spray Pulses

The initial fuel cavity collapses and begins to expand again with a
somewhat degraded maximum volume and period. As many as five
consecutive pulses of fuel spray have been observed during tests against
full 5-gallon fuel cans. However, three pulses were observed in most
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cases; thus, the model enables the program user to evaluate effects of up
to three pulses.

The time from impact when the first fuel pulse issues from the
container is given by:

ti ;rT/2 (87)

where rT is the period of the tirst pulse,, given by Equation (81).

The empirical approaci ..nvolved establishing a value for a which
forces the following equations,,to fit observed issue times for the second
and third pulses:

t 2 TI + <T/2 (88)

t 3 = T 4 (T,+ 2rj/2 (89)

This establishes a degradation factor for the period of each consecutive
pulse. Additionally, the cavity volume at maximum extension was
degraded as follows:

VC, N"c (1 +-, 2) (90)
- A,

VCS VC,(1 + , n/2) (91)

where Vc1 is maximum volume of the first cavity [Equation (80)], and'
"V, and V3 are volumes of the second and third cavities. A value for
,of 0. 7 has been derived from high speed film of gun tests. This value
provides good correlation with observed times of t 2 and t3 , and also
correlates well with spray issue velocity calculated by Equation (83). A
space-time history of the second and third pulses is established by
recycling through Equations (83), (84), and (85) using modified data for
cavity volume and period.
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If the primary projectile perforates the container beneath the fuel
level but near a free surface, the cavitation phenomenon is not expected
to behave with no edge effects as described above. However, the nature
of events involved in the cavitation process are of such complexity as to
prezlude their formulation from a purely theoretical standpoint.

SHAPED CHARGE MUNITION MODELS

A second class of special puirpose surface target programs consists

of shaped charge simulation models for both conical and linear shaped
charge munitions. The shaped charge munitions take advantage of the
focusing properties exhibited by a detonation wave encountering a cavity
or channel which is normal to and symmetric with the advancing detona-
tion wave front. l,'igure 15 illustrates both a conical shaped charge and
a linear shaped charge. The primary kill mechanism for both weapons
is an ultra high-velocity jet of molten metal which is highly efficien' in
penetrating structural materials or armor.-

A direct hit by a conical shaped charge munition wi.1 produce
penetration of from 4 to 6 calibers through hardened armor plate. This
means that a 6-inch-diameter munition will consistently penetrate from

II
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Conical Shaped Charge

L.near Shaped Charge

Figure 15. Shaped Charge Geometry
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24 to 36 inches of armor. Most direct hit programs for conical shaped
-charge munitions assume a penetration prubability of unity and merely
compute the probability that a randomly located penetration shotline

*will impact a vulnerable component. Reference 59 is an example of a
highly accurate conical shaped charge evaluation program.

Linear shaped charge evaluafion methodology is more complicated
since there ate several separate kill mechanism sources; and each is
a line source of high velocity, molten-metal jet rather than a point
source. An example of a typical formulation for a linear shaped charge
evaluation program follows (from Reference 60).

In defining linear shaped charge ý,.rheads for effectiveness compu-
tations, it is necessary to ,valuate three kill mechanisms: blast, jet-
slug, and fragmentation effects. Each kill mechanism is ca[,ible of
inflicting kills on targets by severe structural damage. The target
structure may be represented as previously discussed in Section II.

A linear shaped charge warhead wili have blast kill potential
equivalent to a slightly smaller conventional warhead except in the
jet-slug zones, 'where the blast kill will be enhanced by increased
overpressure and consequently higner blast kill capability. To model
the shaped charge blast kill, the blast ellipsoids are defined and checked
initially for conventional blast kill. If the target is not killed by con-
ventional blast, a second set of larger blast ellipsoids is checked to
determine if the target is within lethal range of the enhanced blast. The
final check will be to determine if the blast center is contained within
the warhead Jet-slug zoncs. The probability that the target is killed by
the damage mechanism is called PH.

A linear shaped charge warhead also projects slugs or rods within
the jet-slug zone oriented parallel to the warhead centerline. Up to
-three of these slugs for each jet may be projected. The slugs are
described by mass, cross section, ballistic data, initial velocity and
flyoff direction. The slugs are projected along the centerlines of the
angular segments representing the jet-slug zone'. Target vulnerability
to slug impact is defined by a series of ellipsoids representing structt:ral
components. Encounter geometry, slug velocity, drag, and direction is
used to establish-the event of a'slug-target intercept with the target
ellipsoids. Each ellipsoid has a conditional kill probability assigned
for sl,-,'; impacts. The probabilities are combined statistically, assum-
ing independent events, for more than one impact into the probability of
kill due to jet-slug (P.).
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In addition to slugs, fragments with a spectrum of masses, initial
velocities, and drag characteristics are projected from each linear
shaped charge liner. The capability for representing several classes of
fragments is provided. The fragment spray is limited by two angles
measured from the forward and aft ends of the warhead, and an angular
increment about the warhead centerline.

Target vulnerability is reprpsented by a vulnerable area centered
about one or more points. If a vulnerable point is established to be in
one of the fragment sprays, then kill probability due to fragments is
computed by:

N

p- 1- EXP (-. P1 AVM) (92)

wheýre P, is impacting fragment density of the ith class, AV, is target
vulnerable area of the ith class, and N is the number of fragment classes
striking the target. The computer program formulation includes the
capability to input tabular vulnerable area as a function'of fragment mass,
ve:ocity, and striking aspect. The c.pability for computing structural
kiL from multi-fragment impact is also included.

The basic geometry for a specific weapon-target encounter, includ-
ing aim point, guidance error, fuzing point, and detonation point, is
established identically for linear shaped charge warheads as for con-
ventional fragmentation nunitions. However, techniques for computing
fragmentation kill probability for conventional warheads, assuming a
point source of fragments, are not adequate for evaluating linear
shaped charge warheads because of the narrow polar beam spray zone
(on the order of 5 degrees) which includes all fragments projected by the
warhead.. For example, the width of a 5 degree beam spray at a distance
of 50 feet from thepoint warhead is < 5 feet, thus a warhead length of 1
foot would constitute P'n error of 20 percent in the actual beam spray
width if a point source of fragments were assumed. The following para-
graphs present techniques for correcting beam spray zone width to
account for warhead length.

The fragmentation subroutine for the conventional warhead computer
program starts to compute fragment kill with a target description and a
warhead detonation point (XD, YD, ZD). The point of fragment-target
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intercept [X, (i, j), Ys (i, j), Z (iU, j)] is found which determines the
points where fragments projected from the warhead with velocity i hit
the target vulnerable component j. For an intercept, the polar angle'9F
from which the fragments of the warhead were projected to strike the
target component is computed. This angle is then compared to the for-
ward and aft beam spray angles el and 02 to determine if the solution is
valid (ei' OF<02). Foralinear shaped charge, the values of 9) and 02
must be modified to account for warhead length.

Figure 16a is a diagram of the current fragmentation model for a
cylindrical warhead showing the' warhead detonation point (XD, YD, 7,
the point where the fragments strike.the target vulnerable point (Xs, Ys,
Zs), the forward and aft polar angles 91 and 02, and the angle to the
target OF. I .th this model it is obvious that the vulnerable point is out-
side the mathematically defined beam spray zone (OF< el) and the solution
would be rejected. Figure 16b shows how the target vulnerable point can
be included in the beam spray and establishes the geometry for formu-
lating equations to correctly model the fragment-target intercept.

The formulation is as follows:

From Figure 16a the distance of fragment flight Df is given by:

- - D) + Y(93)

The perpendicular distance Lp from the warhead centerline to the target
vulnerable point iS given by:

Lp= (DF)(sin OF) (94)

The width of the forward beam spray at the perpendicular distance Lp
is defined in the point source model (Figure 16a) by:

L
S tan 0, (95)
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WL _ LpFragment Spray

(a) -Point Source (Uncorrected)

ZD goD Actual Fragment

XD YD 2Spray Zone

()Line Source (Corrected)

Figure 16. Fragment Spray Representation
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The width of the aft beam spray at the perpendicular distance Lpis de-
fined by:

L#

$R2 =tan 8i(6

Adding one-half the warhead length (WL) as shown in Figure 16b to each-
value gives:

L WL
S1  tan0, 2 (97)

LP WLSL=-

tan--2  2 (98)

The corrected angles O 1 and 02 are then given by:

*8' tan-1  r (99)

$2'tn-1L (100)

SI,

If OF is-between the corrected values 1.' and 02' (01'< OF < 92j) the vulnerable
poinW. will be in the fragment beam spray.

The density of fragments which strike the target must also be
established to compute kill probability. Hence, techniques employed
for point-source fragmentation cannot be directly applied for evaluating
a linear shaped charge warhead. The equation which determines the
dynamic striking fragment density for conventional fragmentation
warheads can be employed with two changes:

61



0 Use the modified polar angles, 01', and 0,', to account for
warhe•ad length.

0 Multiply by a factor of 2r/,t i, where A& is the roll angular
increment containing the fragments projected from a liner.
to reflect the fact that a linear shaped charge warhead is nut
isotropic.

Kill probabilities due to fragmentation (P[} are determined account-.
ing for fragment drag, impacting d6nsity, mass, velocity, angle, and
dynamic missile velocity.

Thus, all three kill mechanisms for a linear shaped charge are
accurately defined and the total kill probability (P) resulting from blast,
jet slugs, and fragmentation is then formulated as-

P I - PB) (l- PS) (,- PF) (101)

FLECHETTE PROJECTING MUNI4 ION MODELS (REFERENCES 60 and
61)

Warheads which project flechettes as a kill mechanism may be
assumed to be special cases of fragmentation warheads. Flcchettes may
be thought of as stabilized, streamlined fragments which travel through
the airstream like darts or arrows presenting little aerodynamic resis-
tance and thus retaining their velocity over long distaices.

The major differences in evaluating flechettes and fragments is in
the distribution patterns and trajectory ballistics. Flechette patterns
are severely limited in the maximum divergence angles, and because
they maintain a lethal velocity forilong distances, the effects of gravity
cannot be neglected. The following paragraphs present an example of
flechette methodology for personnel target lethal area computation
from Reference 59. Similar program formulations are available for
material and mixed /personnel-material) targets.

The warhead is assumed to release flechettes in a conical pattern
with prescribed angular limits defined by a beam spray half angle
measured off the longitudinal axisi of the warhead. The flechettes can be
distributed within this conical pattern in a uniform or normal manner,
determined by an indicator in the input data. Beam spray half angles .e
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limited to 30 degrees or less and the warhead is assumed to be sym-
metric about a vertical plane containing the longitudi-nal axis. The
conical pattern defined at release is subdivided into increments along
the beam spray half angle, measured off the longitudinal -xis of the
warhead, and further divided into radial increments measured around
and perpendicular to this axis (Figure 17). These angular increments
of the flechette pattern are then projected into the ground plane by
trajectory simulations. The program is capable of simulating a war-
head containing up to three distinct classes of flechettes defined by:

0 Flechette mass.

* Initial flechette velocity.

* Beam spray angle and angular increments.

0 Distribution and number of flechettes.

0 Flechette reference diameter.

0 CD versus Mach number curve.

In addition, up to five sets of flechette reference diameters and/or

CD versus Mach number curves may be used as a function of real time

NTHETA(I) 3, A * 1" PH(i)

IIARHEAD AXIS

SECTION A-A - TOP VIEW FRONT VIEW

Fi'gure 17. Sample Warhead Geometry
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of flight for each class of flechettes. This capability enables the simu-
Iat-oti of unstable flechette flight.

The Flechette Lethal Area Program was compiled to evaluate the
lethal area of flechette projecting warheads against personnel targets.
.Munition lethal area is established by integrating kill probability against
either standing or prone trOops' or troops crouching in foxholes within
the impact pattern area. Vulnerability of personnel targets is defined
in terms 'of target presented area and a conditionai kill probability
established for abhit on the target. Presented area of the target is a
fur ction of tne orientation of the flechette at impact. 'Ccnditional kill
prebability is established 'through a casualty !criterion equation which
utilizes flechette mass, striking velocity, and three constants defining
the kill criterion (see Reference 61).

Terminal delivery conditions of the missile are significant in that
a Carnage assessment point in the l,,thal area grid must be determined
by integrating the cquations of motion froth specified initial conditions.
Ve'ocity and direct ion of a give'n flechette at release predetermines tht%
point of impact in the ground plane. Th,_ warhead, as discussed above,
is subdivided into a grid defining orientation of a flechette dispersion
pattern, where each point in this pattern is integrated through time to
es.*'blishi an impact pattern in the ground plane. Release geometry at
launch is defined relative to the missile coordinate system.

Initial velocity (VM) imposed on flechettes is determined relative
to the ground plane. This is the total velocity of the flechette and
represents the vector sum of the missile velocity and any ejection
ve~ocity associated with the dispersion mechanism. At the time of
release, stability of the flechette becomes a problem that is not readily
defined. However, the tumbling of an unstable flechette may be simu-
lated by adjusting a portion of the drag curve where instability would
occur. Since the reference diameter is directly proportional to the drag
it may also be altered to account for instability. Up to five sets of
flechette diameters and/or CD versus Mach number curves may be input
for each class. These data are a function of time of flight and enable
the simulation of tun,, ', oscillating, and stable motion. A smaller
time " ,rement of integratici; -nay be employed in the trajectory compu-
tation for a specified period of tiuŽ, following a change from one set of
drag data to another. Thi , is to ensure accuracy in the iterative solu-
tion of the equations of motion.

Height of release is defined by input data and is common for all
classes of flechettes. This program was especially designed to cope with
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high altitude release, as the gravity effects are more influential for
this terminal release condition.

The warhead terminal attack angle (measured positively downward,
from the horizontal'to the nose of the missile) is input to re•ate the
flechette flight direction to the ground. This is necessary as the dis-
persion pattern is defined relative to the missile axis, and some relation-
ship must be esiablished between its orientation and the impact plane.
Gravitational forces are assumed to be normal to the ground plane.

The methodology contained in the Flechette Lethal Area Program
was formulated from basic mathematical and physical equations. It may
be subdivided into three orderly sections discussed in detail below.

Warhead Methodology

The simulation of a flechette dispersing warhead is formulated
by geometrically establishing an ejection grid, relative to the warhead
or missile axis as discussed above. Each point in this pattern is
associated wita the directional vector of a flechette at the time o! release.
The vector is assigned an initial velocity obtained from the input :data
and is transformed into its three components along the coordinate axes
of the ground reference system. These three velocity components given
by VX, VY, VZ are then used in solving the equations of motics for the
trajectory routine.

Trajectory Analysis (Figure 18)

All effectiveness methodology currently available contains the
assumption that fragments fly straight line trajectories from warhead to
the target. This assumption is valid if velocity is high, distance to the
target is low, and hence time of flight is small. However, flechettes
launched at high altitudes have a relatively long flight time; thusi gravity
significantly affects the trajectories of the flechettes. To accurately
account for these effects the equations of m'otion must be integrated from
specified initial conditions (velocity and direction) at launch, thrbugh
time and space, to impact. The lethal area integration grid must be
established by initial conditions of projectiles at the warhead point of
detonation. The equations of motion defining the flight of each flechette
are derived from Newton's second law where the drag force is given by:
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2FD =,1/2 CD PAV - (102)
dt

VELOCIry OF MISSILE

EJCr"ON GRID

Fgr 18 \T G
reference \ h e t o

• \ '\ ., \l
• \ \ '

* \ '\ \ 'S

, IMPACT PATTERN

Figure 18. Trajectory Geometry

Expanding this formula into corpone.nt forms relative to the ground
reference system, the equations of motion for a given flechette can
generally be described by:

X = - (1/2 CD p AIM) (V)(Vx) (103)

Y" - (1/2 CD p AIM) (V)(V7 ) (104)

'Z = - (1/2 CD p A/M) (V)(V 2)-g (105)

where CD is the drag coefficient, P is the density of air, A is the pre-
sented area of the flechette, V., Vy, V: are the velocity components of
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the flic~hvtte. velocity vector V,' M is the flechette mass, and g is the
avvceleration of gravity.

I A-thtl A rva ('onputntio ns

Integration of Equations (103), (104), and (105) can. ot lxe performed
in closed forra and requires a finite difference iterative procedure. The
numerical solution of these -equations is performed in the program by the
inethmd of Rlunge and Nutta. From the soliition of these basic equations of
motion, the striking velocity, impact angle, and the impact coordinates
(relative to the pcint of relL'ate) of the flechettes in th.! ground plane can
be determined. The impact pattern is determined by ica.ping the above
proced *ure for each point of release in the ejection grid. The polygons
formed in the ground pattern by-.the impact coordinates are sequentially.
numbered as shown in Figure 19.

OUTUTPO~r UNERNG EQENE (.K P(3.3)UMCRC (3EC.4) HNN ..

Figure 19. Sam~~Ple4 pc tenGoer

As ~ ~ ~ 24 dfcuse abvmtooog a endvloe0o aut

munitions~ prjctn up.4 t1.3 the clse of(l2et.2 Ti)aksi
possible~~~~~ fo th siuaint2oti'oe wo he matpten

putationsur the toaSmact pater ofpacl classesn Gofmlettry sdiie

into two parts:
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* Areas in the ground plane which contain flechettes from only
one class.

0 Areas in the ground plane which contain fiechettes from two
or more classes.

Lethal area computations are accomplished through a numerical
integration of kill probabilities over all area. These kill probabilities
can be easily caiculated for areas in the ground pattern which contain
flechettes from only one class; however, those areas in which the pat-,
terns overlap present a more complex solution. The program initially
assumes -that no overlap occurs, and the area of each polygon (N) in
all class patterns is individually calculated. The impact angle and
terminal velocity of -flechettes at each polygon vertex is calcuiated in
the trajectory portion of, the program. An average or mean value of
velocity and impact angle is calculated for each polygon using these
data. In addition, density of the flechettes is calculated by taking ,the
total number of flechettes in the original polygon (aetermined-at release)
and 'dividing by the polygon area at impact'. Kill probability is calculated
by:

- PApP
PK(N) = 1 - e PpPC (106)

where P is flechette density in polygon N, Ap is presented L rea of the
target, PC is conditional kill probability. A preliminary m inition lethal
area is calculated by summing the product of kill probabilitý and area for
all polygons:

AL= PK(N) (A(N)) (107)
1

where K is the total number of polygons in all classes.

At this point in the program a check is made to deter nine if the
ground patterns from the various groups o' ".,Iap. If only one class of
flechettes is being run, or if no overlap oc.,'. the munition lethal area
is given by Equation (107). If two or more classes have flechettes falling
in a common area, the overlap condition exists. Limits are then de-
termined to localize the areas of overlap, and a rectangular grid of
points is superimposed over this area. Each grid point is associated with
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a prespecifbed areaj.' The loss of lethal area (DALG) due to overlap is
calculated for the incremental area associated with this grid 'point by:

DA.11; ACRID) :I(I, N) - 1 - [- PK(, N (108)

where AGRID is grid incremental area, PK(I, N) is kill probability in
polygon (N) of class (I), and J is the total number of polygons which
contain the grid point.
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